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Presenter
Presentation Notes
When we look for signs of life on exoplanets, one of the main types of life we’ll look for is photosynthesis.  Because photosynthesis produces biosignatures that we can see at the global scale...



SeaWiFS NDVI (NIR-R)/(NIR+R): 
Vegetation red edge
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...with space telescopes.  Those biosignatures include atmospheric oxygen...and spectra of specialized pigments.  On Earth, green chlorophyll is the dominant pigment -- it’s not the only photosynthetic pigment, but it is way dominant!  But on another planet, maybe green chlorophyll won’t dominate...



Purple palm trees on planets around ?? stars?
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Then how will we know we’re seeing photosynthesis or not, especially if that photosynthesis doesn’t produce oxygen?
What are *plausible* spectral signatures for extrasolar photosynthesis?



THIS TALK:

• Explain chlorophyll dominance on Earth 
(this really takes an hour to explain)
compare different pigment absorbance spectra 

and Earth through time

• Simulations of light environments on 
planets around F, flaring M, and quiescent 
M stars 
atmospheres from coupled 1D photochemical/radiative- 
convective model, Pavlov & Kasting et al;  spectra via 
SMART radiative transfer model, Crisp & Meadows



Photosynthetic pigments must be 
adapted to the available light spectrum, 

resulting from: 

-> photon flux spectrum of the parent star 

-> filtering through a different atmosphere
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That atmosphere, of course, has to be equilibrated with the stellar radiation and gas fluxes from the planet’s surface.

NOTE:  I’m not getting into the red edge reflectance, but just the pigment absorbance.  They are almost but not quite inverses.



Photons vs. Energy
Solar surface incident 
photons most abundant in 
the red:  
-photosynthesis counts 
photons
- red is also the lowest- 
energy photon in the visible

Solar surface incident 
radiation most energy in 
-> blue (~480 nm) = 

Chl b secondary peak

-> indigo (~450 nm) = 
Chl a secondary peak 

Presenter
Presentation Notes
 The PHOTON flux spectrum is important, because photosynthesis counts photons.
 Here’s the solar photon spectrum incident at the top of Earth’s atmosphere.
 Here is what’s incident at the surface, in Hawaii, North America, and averaged over the globe.  These absorption bands are water vapor, CO2, and oxygen and ozone.
 Here’s the ENERGY flux spectrum.
 Ozone from oxygen makes the surface peak in the red!  That’s where chlorophyll has a peak in its absorbance, and where oxygenic photosynthesis does its biochemical reactions.
 The energetic photons peak in the blue -- that’s where chlorophyll has another absorbance peak to get extra photons.  No time for details, but blue is always desireable for light harvesting.  Blue photons are highly energetic and therefore energetically favorable for transmitting down the energy hill (with losses along the way) to the red-absorbing reaction center.  It’s good for the reaction center to be at the bottom of the energy hill in the red.  Light harvesting pigments act light step-down transformers along power transmission lines.
So, it looks like chlorophyll is pretty well adapted to Solar radiation filtered through our modern atmosphere.  But photosynthesis on the ancient Earth had to start out under water, and...




3.4 Ga: Early photosynthesis 
under water & anoxygenic & 

infrared

Photosynthesis in the infrared
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The earliest photosynthesizers used near-infrared photons (and blue) and didn’t produce oxygen.  
 Here we show incident photon flux spectrum at different depths under water.  The green line is what would get transmitted through modern algae. These are absorbance spectra for modern bacteriochlorophylls, as analogues for early non-oxygen-producing photosynthetic bacteria.
3.  See they have absorbance peaks in the NIR, and in the blue, where water is transmitting.  Nowadays, they get what ever light is left over by other photosynthesizers.  Early photosynthesizers also likely dealt with different ocean chemistry, and they used H2, H2S, and Fe^3+ to gain electrons instead of H2O. 



2.7 Ga:  Oxygenic cyanobacteria 
1.2 Ga: Red and brown algae 

Still under water

phycobilins fill in the visible
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 Oxygenic photosynthesis arose later in cyanobacteria.
 They and early algae had chlorophyll and also phycobilin pigments for filling in the visible spectrum in the green and yellow.



0.750 Ga - green algae 
0.475 Ga - first land plants 
ozone layer, too much light 

only chlorophyll and carotenoids
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With the build-up of oxygen and an ozone layer, it became safe to come to the surface.
 Green algae did well in the high light of surface water and didn’t need phycobilins any more.
Note:  ALL photosynthetic organisms have carotenoids:  they have certain protective functions as well as absorbing other wavelengths of blue.  So, at the surface, with high light, it was advantageous just to pick out blue and red photons.
 Land plants are descended from green algae, emerging 475 Ma.  
So, it is advantageous to be green at the surface, and oxygen from early photosynthesis seems to have made it that way
  That’s on our planet.   How will stellar radiation and the atmosphere play out in other solar systems?  We did simulations to find out...



F2V star: 
ozone enhances peak in the blue
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On planets around F stars, the peak is strongly in the blue.  
If there’s oxygenic photosynthesis, the ozone Chappuis band in the visible enhances that blue peak even more.  Pigments will absorb in the blue.  
 Plants might also need a blue sunscreen if there’s too much blue. (Plants on Earth have a red sunscreen to protect against too much light).



UV Flaring M3V star: 
early organisms need protection 

under water but won’t starve for light
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 M stars are really different: they emit a lot less visible light and a lot more NIR.
Young M stars pose a hazard:  they emit strong UV flares.  So, organisms have to start out deep down under water for protection.  
 We calculated that they can be as deep as 9 m under water to escape strong flares but they won’t starve for light.  They won’t be that productive, but they can hang out until conditions are safer to migrate to the surface, say, after 1 billion years.  So, photosynthetic life can get started even with flares.



Quiescent M5V star: 
low UV - no need for ozone layer 

high NIR - oxygenic photosynthesis on 3+ 
photons, or competitive advantage for anoxygenic 

in the NIR on land?
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When M stars mature, their flares die down -- and then they emit hardly any UV radiation, and it’s safe to be at the surface without an ozone layer.
 So, if photosynthesis is still anoxygenic, we could get anoxygenic photosynthesis dominating on land!
 There’s actually enough visible light for even Earth-like plants to survive.  But, since NIR photons are way more abundant than visible, the dominant photosynthesis could be in the NIR.  The organisms will probably still try to absorb all the scarce visible they can, however, since visible light is more energetic.  So, they might look black.



Missions to Observe Direct Planetary Spectra

Terrestrial Planet Finder (NASA)

Darwin (ESA)
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So, now we have some idea what wavelengths to look at for signs of photosynthetic pigments on planets observed by TPF or Darwin.  
If exoplanet photosynthesis doesn’t produce oxygen, it would be really good to have direct spectra of the planet from these missions to tease out properties of the surface.



Astrobiology papers (free issue!)
Kiang, N.Y., J. Siefert, Govindjee, and R.E. Blankenship. 

(2007). "Spectral signatures of photosynthesis I: Review of 
Earth organisms," Astrobiology Special Issue on M Stars, 
7(1): 222-251.

Kiang, N.Y., A. Segura, G. Tinetti, Govindjee, R.E. 
Blankenship, M. Cohen, J. Siefert, D. Crisp, and V.S. 
Meadows. (2007). "Spectral signatures of photosynthesis 
II: coevolution with other stars and the atmosphere on 
extrasolar worlds," Astrobiology Special Issue on M Stars, 
7(1): 252-274.

Scientific American - coming in April!



More work to do:
• Optimal pigments:

– Modeling and lab measurements of 
thermodynamic efficiency of light harvesting 
under different available light spectra

– Modeling of organism fitness relative to 
respiration losses vs. carbon gain

• Planetary spectra:
– Modeling radiance spectra with different 

surface pigments and atmospheres
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This scene is probably unlikely, unless it’s fall on a K star planet.
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On an F star, too much blue might require a sunscreen like anthocyanin, only blue.
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